See Supplementary material for full details of the peptides, the animals and the arthritis model. AA = adjuvant arthritis; DTH = delayed-type hypersensitivity; IC 50 = relative MHC binding affinity; IFN = interferon; IL = interleukin; hsp65 = 65 kDa heat-shock protein; MHC = major histocompatibility complex; MMP = matrix metalloproteinase; OVA 323-339 = ovalbumin peptide; PBS = phosphate-buffered saline; PLN = popliteal lymph node; RA = rheumatoid arthritis; RT1.B L = Lewis rat MHC class II molecule. 
Introduction
Rheumatoid arthritis (RA) is an autoimmune disease, in which autoreactive T cells are considered to play a central role in the autodestructive process [1, 2] . For the development of long-term acting, antigen-specific immunotherapies, considerable attention has been devoted to intervening in the autoimmune process via modulation of the autoaggressive T-cell response. Several studies in experimental autoimmune models have shown that it is possible to induce antigen-specific tolerance, leading to disease resistance [3] [4] [5] [6] [7] [8] [9] . This tolerance induction is dependent on several factors such as adjuvant use, antigen dose and the route of antigen administration (as reviewed in [10] ). Nasal antigen administration appears to be an especially efficient way to induce mucosal tolerance in experimental arthritis models [9, [11] [12] [13] .
We recently published a computer search profile to predict T-cell self-epitopes recognized in adjuvant arthritis (AA) [14] . This search profile led to the identification of matrix metalloproteinases (MMPs) as targets for T-cell recognition in experimental arthritis. Interestingly, active arthritis could be induced by immunization with synthetic peptides containing the predicted MMP-3, MMP-10 or MMP-16 T-cell epitope. Moreover, CD4 + T cells isolated from rats immunized with MMP-3 peptide, MMP-10 peptide or MMP-16 peptide could transfer arthritis into naïve Lewis rats.
As well as being a target for T cells, we have demonstrated that MMPs also become a target for B cells during the course of AA. This is shown by the appearance of MMP-3-specific IgM and IgG titers after AA induction (JHM van Bilsen et al., unpublished observations).
In the present study, we investigate the usefulness of the recently identified MMP epitopes to modulate MMPspecific T-cell responses, thereby interfering in the course of AA in Lewis rats. (page number not for citation purposes)
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Nasal peptide treatment
Rats were treated nasally with 10 µl of 10 µg/µl peptide in PBS using a micropipette. In the pretreatment protocol, rats were treated four times on day -14, day -11, day -7 and day -4, preceding AA induction. In the treatment protocol, treatment was started after AA induction when more than 50% of the animals showed weight loss (i.e. at the onset of clinical arthritis). Animals were equally divided over different treatment groups based on their weight loss and the AA score. Nasal peptide administration was repeated four times with an interval of 3-4 days.
Delayed-type hypersensitivity assay
Peptides were dissolved in PBS (2 mg/ml) and 50 µl was injected in one ear. PBS was injected in the contra-lateral ear, and served as the control. The delayed-type hypersensitivity (DTH) reaction was determined by measuring the ear thickness 48 hours after injection with a pressure sensitive micrometer. Data are expressed as the mean difference in ear swelling between the peptide-treated and the PBS-treated ears (mm/100) ± standard error of the mean.
MHC class II-peptide binding assay
See Supplementary material for full details of the MHC class II-peptide binding assay.
Ex vivo proliferation assays
See Supplementary material for full details of the ex vivo proliferation assays.
Results

Natural occurrence of MMP peptide-specific T cells during AA
We have recently identified T-cell epitopes in MMP-3, MMP-10 and MMP-16 recognized during AA (JHM van Bilsen et al., unpublished observations). We monitored T-cell responses to these MMP epitopes during the course of AA in the popliteal lymph nodes (PLNs) to represent the local immune response in the arthritic joints. Although only very low proliferative responses were detected, they tend to rise during the course of the disease (see Supplementary material).
To gain more insight into these MMP-specific T-cell responses, we also performed DTH assays. As presented in Table 1 , MMP-3 444-458 , MMP-10 329-343 and MMP-16 539-553 induced a significant DTH reaction at day 20 and day 27 after arthritis induction. Naïve rats did not show DTH responses to any of the tested peptides, and no DTH reaction was observed with the control ovalbumin peptide OVA 323-339 .
We next evaluated the MMP peptides for binding to the Lewis rat MHC class II molecule, RT1.B L , which was used as a prerequisite for the selection of the peptides [14] . Although all three peptides (MMP-3 444-458 , MMP-10 329-343 and MMP-16 539-553 ) bound to RT1.B L , as was expected from the search profile, no correlation was observed between their actual MHC binding affinity and the observed T-cell responses (see Supplementary material).
Altogether, these results indicate that the selected MMP epitopes are naturally processed and presented during arthritis, and that they are able to activate MMP-specific T cells.
Nasal peptide administration prior to AA induction
We then investigated whether we could modulate MMPspecific T-cell responses, thereby interfering in the development of AA. To this end, rats were treated nasally with MMP peptides or OVA 323-339 (negative control) before AA induction. As shown in Figure 1 , nasal administration of MMP-3 [444] [445] [446] [447] [448] [449] [450] [451] [452] [453] [454] [455] [456] [457] [458] had no influence on AA development as compared with treatment with OVA 323-339 . In contrast, nasal administration of MMP-10 329-343 and MMP-16 539-553 significantly reduced the clinical signs of AA. The clinical findings were consistent with the observed changes in bodyweight (see Supplementary material).
Nasal peptide administration after AA induction
Furthermore, we investigated whether it was possible to intervene in ongoing AA. We treated rats nasally with MMP peptides and OVA 323-339 at the onset of clinical arthritis. As shown in Figure 2 , treatment with MMP-3 444-458 or MMP-16 539-553 did not influence the course of the disease compared with OVA 323-339 -treated rats. In contrast, MMP-10 329-343 -treated rats showed an aggravation of AA. These findings were consistent with the higher weight loss in the MMP-10 peptide-treated group (see Supplementary material).
Lymphocyte proliferation of MMP peptide-treated rats
To analyze whether the interference in AA after nasal administration of MMP-10 329-343 or MMP-16 539-553 was accompanied by tolerance induction, PLN cells of peptide-treated rats were tested for proliferative responses to the dominant mycobacterial 65 kDa heatshock protein epitope 178-186 (hsp65 178-186 ), recognized by arthritogenic T cells in AA [9] .
Although very low proliferative responses were detected, MMP-10 peptide treatment before AA induction resulted in a decreased proliferation to mycobacterial hsp65 178-186 as compared with the untreated group. In contrast, PLN cells from rats that received MMP-10 peptide treatment after AA induction showed an increased proliferative response to mycobacterial hsp65 178-186 (Fig. 3 ).
Both these findings are consistent with the respectively lower and higher AA scores observed after MMP-10 peptide pretreatment or treatment after AA induction. In accordance with the marginal disease modulation after MMP-16 539-553 therapy, no alteration of the proliferative mycobacterial hsp65 178-186 response was observed.
Discussion
In the present study, we explored the possibility of using recently identified MMP T-cell epitopes for immunotherapy in AA. First, we monitored T-cell responses to the MMP epitopes during the course of AA. In general, low proliferative responses to these epitopes were detected, which were accompanied by specific DTH reactions. We have previously shown that the proliferative response to mycobacterial 65 kDa heat-shock protein (hsp65) 178-186, which is the dominant epitope recognized by arthritogenic T cells in AA [9] , is also very low when tested in a polyclonal lymph node cell population [9] (Fig. 3) .
To analyze whether the low MMP-specific proliferative responses are due to, for example, low precursor frequency or tolerance, it would be necessary to isolate and further characterize the MMP-specific T cells. We are currently developing a specific T-cell capture assay based on liposomal-bound MHC-peptide complexes to isolate such cells [15] . Interestingly, although the MMP epitopes greatly differed in MHC class II RT1.B L binding affinity, no differences in DTH reaction and/or proliferation were observed, indicating that these epitopes become a target for T-cell recognition irrespective of their MHC binding affinity. It was previously suggested that immunotherapy is most successful with high-affinity MHC binders [16] .
However, the present study shows that the strongest immunomodulatory peptide, MMP-10 329-343 , was a weak MHC class II RT1.B L binder.
The upregulation of MMP-3 and its pathogenic role in arthritis has been shown in numerous reports, while only a few reports describe the presence of MMP-10 and MMP-16 in the synovium of RA patients [17, 18] .
Although MMP-10 and MMP-16 have been suggested to be involved in connective tissue/bone remodeling around prostheses [19, 20] , their role in arthritis is less clear. Surprisingly, peptides derived from MMP-10 and MMP-16, but not from MMP-3, can alter the course of AA after nasal administration. The observed opposite effect of nasal therapy using MMP-10 peptide furthermore illustrates that we seem to target the proper cell population to interfere in arthritis, but that the desired disease
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Figure 2
Modulation of adjuvant arthritis (AA) development after nasal treatment with matrix metalloproteinase (MMP) peptides after AA induction. The nasal treatment was started at day +11, after immunization with Mycobacterium tuberculosis, when more than 50% of the animals showed weight loss (i.e. at the onset of clinical arthritis). The nasal treatment was repeated four times (arrows). Data shown are mean arthritis scores ± standard error of the mean of five rats (MMP-10 and MMP-16 peptide groups) or 10 rats (MMP-3 peptide group) per group. OVA 323-339 , ovalbumin peptide.
Figure 3
Popliteal lymph node cell proliferative responses after nasal matrix metalloproteinase (MMP) peptide administration prior to (left) or after (right) adjuvant arthritis (AA) induction. Responses were measured 35 days after AA induction. The irrelevant peptides used were MBP 72-85 or ovalbumin peptide, OVA 323-339 . Data are expressed as the mean stimulation index (SI) of three or four organs ± standard error of the mean. * P < 0.05. inhibitory effect strongly depends on the timing of T-cell modulation.
Other studies have also shown that mucosal therapy might in some cases induce or even exacerbate T helper 1 cell autoimmunity [21] [22] [23] . Moreover, the critical aspect of proper timing has also been described for cytokine therapies as shown by both disease inhibition and exacerbation after in vivo administration of IFN-γ, IL-2 or IL-12 in experimental arthritis models [24] [25] [26] .
In the present study, we stated that the improvement of arthritis symptoms after MMP-10 peptide pretreatment coincided with a decreased proliferative response to the critical T-cell epitope for the induction of AA, mycobacterial hsp65 [178] [179] [180] [181] [182] [183] [184] [185] [186] . Although the proliferative response to this epitope is difficult to measure in a polyclonal lymph node cell population, our results suggest that MMP-10 peptide pretreatment inhibits the response to the arthritogenic epitope via bystander suppression. Immunotherapy using agents that induce T-cell-mediated bystander suppression makes it unnecessary to identify the self-antigens involved in the initiation of the arthritis process, but makes it possible to exploit spreading epitopes or other self-antigens that become available during the arthritis process for disease intervention.
Conclusion
The present study shows the possible usefulness of MMP peptide immunotherapy in arthritis, based on modulation of the T-cell response. However, a clear understanding of proper timing of MMP peptide-based immunotherapy and the consequences for T-cell modulation will be crucial for the development of such therapies. . Peptides were obtained as C-terminal amides after cleavage with 90-95% trifluoroacetic acid/scavenger cocktails. Peptides were analyzed by reversed-phase high-performance liquid chromatography, and checked via electrospray ionization mass spectrometry on an ion-trap mass spectrometer (LCQ; Thermoquest, Breda, The Netherlands). Peptide MBP 72-85 was biotinylated during synthesis and used as the marker peptide in the RT1.B L MHC-peptide binding assays.
Animals
Male inbred Lewis rats were obtained from Maastricht University (Maastricht, The Netherlands). Rats were 6-8 weeks old at the start of each experiment. This study was approved by the Dutch Committee of Animal Experiments.
Induction and clinical evaluation of AA
AA was induced by intradermal injection at the base of the tail with 0.1 ml of 5 mg/ml heat-killed M. tuberculosis H37RA in incomplete Freund's adjuvant (DIFCO Laboratories, Detroit, MI, USA). Rats were examined for clinical signs of arthritis in a blinded set-up. The severity of arthritis was scored by grading each paw from 0 to 4 based on erythema, swelling and deformity of the joints, resulting in a maximum score of 16.
MHC class II-peptide binding assay
Lewis rat MHC class II molecules, RT1.B L , were purified from the Z1a T cell clone through affinity chromatography using the OX6 monoclonal antibody, as described previously [S2] . Affinity-purified RT1.B L MHC molecules were solubilized in 1% n-β-octyl glucopyranoside (SigmaAldrich Chemie BV, Zwijndrecht, The Netherlands). The MHC class II-peptide binding studies were performed using the competitive binding assay as described previously [S2] . Briefly, 3 µM RT1.B L was incubated with 400 nM biotinylated marker peptide and a concentration range (0-256 µM) of unlabeled competitor peptide at room temperature for 40 hours at pH 5 in the presence of a protease inhibitor mix.
The MHC-peptide mixtures were analyzed via nonreducing SDS-PAGE, followed by western blotting (Hybond-ECL; Amersham, Pharmacia Biotech Benelux, Roosendaal, The Netherlands). Biotinylated peptides were visualized on hyperfilm (Amersham, Pharmacia Biotech Benelux, Roosendaal, The Netherlands), through enhanced chemiluminescence (Western Blot ECL kit; Amersham, Pharmacia Biotech Benelux). Spots on the films were quantified by Molecular Analyst Software version 1.5 (Bio-Rad Laboratories B.V., Veenendaal, The Netherlands). The relative MHC binding affinity (IC 50 value) is expressed as the concentration range of competitor peptide (µM) resulting in 50% inhibition of the MHC binding of the marker peptide.
Ex vivo proliferation assays
At different time points after AA induction, PLNs were isolated and single cell suspensions were cultured in 96-well flat-bottomed microtiter plates (2 × 10 5 cells/well in triplicate) in the absence or presence of peptide (1 µg/ml or 10 µg/ml). After 3 days of culturing, proliferation was determined by overnight incorporation of [ 3 H]thymidine (0.4 µCi/well; specific activity, 1 Ci/mmol; Amersham Pharmacia Biotech Benelux). Proliferation was expressed as the stimulation index (counts per minute of cells cultured with peptide divided by the counts per minute of cells cultured in medium only).
Statistics
Statistical evaluation was performed using GraphPad Prism version 3.0 (GraphPad Software, San Diego, CA, USA). To evaluate the effect of each peptide in the DTH reaction, the paired, two-tailed Student's t test was performed on the mean difference in ear swelling between the peptide-treated ear and the PBS-treated ear. The twotailed Mann-Whitney U test was performed to compare the mean differences in DTH reactions between naïve and arthritic rats. For the comparison of arthritis scores and proliferative responses between the different groups, a two-tailed Mann-Whitney U test was used. P < 0.05 was considered statistically significant.
Supplementary Results
Natural occurrence of MMP peptide-specific T cells during AA
The PLN responses were analyzed in lymphocyte proliferation assays at day 0 (naïve animals), day 10 (before clinical onset of disease), day 14 (onset of disease), day 21 (overt disease) and day 35 (no or limited clinical disease) after disease induction with M. tuberculosis/incomplete Freund's adjuvant. Supplementary Figure 1 shows the proliferative responses to the MMP peptides in a representative experiment. As can be seen, only very low proliferative responses were detectable, which tend to rise during the course of the disease.
MHC binding affinity of MMP peptides
We previously selected the MMP peptides based on their putative binding to Lewis rat MHC class II RT1.B L [14] . In the present study, we determined the binding affinity of the MMP peptides for RT1.B L in a competitive peptide-MHC binding assay.
The relative binding affinities of the MMP epitopes are depicted in Supplementary Figure 2 
Nasal peptide administration prior to AA induction
Nasal administration of MMP-10 329-343 and MMP-16 [539] [540] [541] [542] [543] [544] [545] [546] [547] [548] [549] [550] [551] [552] [553] significantly reduced the severity of AA. Weight loss (a sensitive objective measure of physical well-being) was analyzed as an addition parameter (Supplementary Figure 3) . The mean body weight demonstrated that MMP-3 444-458 -treated rats showed the same weight loss as the OVA 323-339 -treated group, which is consistent with the comparable AA severity. In contrast, MMP-10 329-343 -treated rats showed a clear reduction in weight loss as compared with the OVA 323-339 -treated group, consistent with the lower AA scores. MMP-16 539-553 -treated rats showed no difference in weight loss as compared with the OVA 323-339 control group.
Nasal peptide administration after AA induction
MMP-10 peptide treatment after AA induction aggravated the arthritic symptoms of the Lewis rats. These findings were consistent with the lower mean body weight in the MMP-10 peptide-treated group compared with the OVA 323-339 control group (Supplementary Figure 4) . MMP-3 peptide-treated rats and MMP-16 peptide-treated rats showed no differences in body weight and clinical scores as compared with the OVA 323-339 -treated group.
